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In the last few years, molecular hybridization methods have been used extensively in basic and applied virology because of their technical flexibility and high specificity. Using these techniques, the detection of DNA and RNA viruses directly from clinical specimens, the analysis of the specific transcriptional activity of viral genes in vitro and in vivo, and the study of virus-host relationships have all been carried out at the molecular level. However, although these methods are efficient for many purposes, only development (~) and optimization (z) of PCR amplification have dramatically improved sensitivity. Currently, PCR is the method of choice for the detection of viral nucleic acids present at very low amounts in biological samples, and it allows the molecular study of most acute and persistent viral infections.
Impressive achievements that are rapidly emerging from the application of PCR to virology have also indicated that quantitative evaluation of the target sequence is necessary in several cases. In particular, methods for viral nucleic acid quantitation seem to be important, both in measuring the level of viral activity in most persistent human infections and in assessing the efficacy of specific compounds active at different steps of the viral replication cycle in vivo and in vitro. Accordingly, in the last few years, several strategies and protocols based on different methodological and technical approaches have been adopted for the semiquantitative or quantitative analysis of viral nucleic acids.
This review will focus on the strategies proposed for viral nucleic acid quantitation using PCR and reverse transcription (RT)-PCR, and the applications of these methods in basic and diagnostic virology.
THE IMPACT OF PCR AMPLIFICATION IN VIROLOGY
Since the development of PCR amplification, one of the major applications of this method has been the highly sensitive and direct detection of viral nucleic acids in clinical samples. (3) A great deal of new information has been obtained rapidly using this approach in most viral infections, thus allowing more precise pathogenic, diagnostic, and epidemiological studies.
In particular, PCR-based techniques have successfully been applied to address the following three main virological aspects. First, because of its sensitivity and rapidity, PCR amplification has made the molecular diagnosis of viral infections easier, faster, and more accurate. (3-6) Also, PCR has enabled etiological and pathogenetic hypotheses to be tested efficiently, (7'8) and novel strategies to identify unknown or uncharacterized viruses have been planned and optimized. (9) From a diagnostic point of view, reliable and sensitive methods for detecting viremia during the course of several persistent viral infections [including forms from major viral pathogens of humans, such as hepatitis B virus (HBV), (s'6'1°) human immunodeficiency virus type 1 (HIV-1), (1~) and hepatitis C virus (HCV) (~2~] have now become available.
Second, the use of RT-PCR has led to the highly sensitive detection and analysis of the viral transcriptional activity in vivo and in vitro. In particular, an accurate assessment of viral activity may be critical to the precise understanding of either the pathogenetic steps involved in the onset and development of most viral diseases or in viral tissue tropism. These important aspects have been investigated directly using qualitative RT-PCR methods that allow qualitative detection of specific viral mRNAs, as in the cases of HIV-1 (13-1s) and HBV infections. (16, 17) Third, because PCR amplification supplies templates pure enough to be analyzed directly using standard sequencing protocols, this method enables viral mutants to be detected directly, thus avoiding the use of molecular cloning procedures. The potential impact of this technical improvement in virology might be revolutionary, because several lines of evidence indicate the increasing need for fast and easy laboratory procedures to sequence viral DNAs and cDNAs amplified from clinical samples on a large scale. In fact, although other virological fields will probably be explored using this methodology in the near future, the precise detection of mutants generated and selected (escape mutants) during several viral persistent infections might be critical for a correct laboratory diagnosis. The precore-defective variants frequently generated during persistent HBV infection (18'19) and associated with ongoing liver disease, and viral variants selected during treatments (z°~ and resistant in vivo to specific antiviral compounds, may be involved in this aspect.
Recently, increasing evidence has shown that the molecular study of most viral infections in vivo requires absolute quantitation. In fact, it has been observed that insufficient information on the level of viral gene expression, tissue tropism, and virus-host relationships is provided by qualitative assays that indicate the presence or absence of specific viral nucleic acids in tissues or plasma samples. Although the biological diversity of viral pathogens and the pathogenic and clinical complexity of individual viral infections may generate specific diagnostic problems, different clear examples of general interest have been supplied by several groups and these examples indicate that not only qualitative but also quantitative molecular data are necessary in basic and medical virology.
In fact, PCR analysis of HIV-1 infection in vivo has unambiguously indicated that (1) proviral DNA sequences, ~21) (2) viral specific transcripts in CD4 ++ T lymphocytes, (1~,22) and (3) HIV-1 genomic RNA sequences in plasma samples (11) are detectable in virtually all HIV-l-infected individuals, regardless of the presence of clinical symptoms and the fall in CD4 + + peripheral blood lymphocyte levels. Because pathogenic investigation of this human infection has revealed that the increasing viral burden is strictly associated with the progressive immunosuppression and the onset and development of clinical disease, ~23) quantitation of the HIV-1 activity levels is critical to the precise understanding of the natural history of this infection. Attempts to quantify the HIV-1 burden initially were made by using virus isolation and 50% tissue culture infective dose titers (TCIDso) analysis. ~24) However, although improved sensitivity of HIV-1 isolation methods have recently been reported, (2s) they may probably be highly imprecise from a quantitative point of view, because reproducibility of these assays is dependent on numerous variables.
Moreover, by studying persistent HBV infection, it has been observed that the amount of viral DNA in plasma samples from HBV chronic carriers is a direct index of active viral replication in liver cells and that this molecular parameter is correlated with liver disease progression. PCR analysis of HBV viremia in samples from asymptomatic and symptomatic HBV-infected patients has been carried out extensively; these studies have indicated that a significant proportion of these patients are viremic, ~4'1°, 26) thus suggesting that quantitative methods for the precise evaluation of HBV DNA levels in serum may be important in the pathogenic and clinical investigation of HBV liver diseases. Similarly, it has recently been suggested that the natural history of HCV infection might correctly be studied using quantitative PCRbased methods for HCV RNA detection in serum or plasma samples. (27) Finally, all long-term treatments with specific antiviral compounds active at different steps of the replication cycle of patients with persistent viral infections require reliable quantitative monitoring of the viral burden in vivo.
STRATEGIES FOR QUANTITATIVE PCR
A linear relationship has been observed to exist between the input template and the amount of amplification product (2~-3°) in PCR assays. Accordingly, methods have been proposed for the simple quantitation of the amplification product. ~31-33~ However, since the amount of final reaction product depends on exponential amplification of the initial DNA copy numbers, minor differences in amplification efficiency may lead to very large and unpredictable differences in the final product yield. In particular, tube-to-tube differences may depend on sample preparation and nucleic acid purification procedures, the presence of inhibitors, and machine performance. As a consequence, especially if the amount of the initial template is small, any differences generated during the first PCR cycles may dramatically influence the quantitative analysis of reaction products. For these reasons, although the PCR analysis of a given sequence using an external standard reference curve prepared for each experiment may be simple and fast in theory, the unpredictable variability of individual amplification reactions does not allow reliable nucleic acid quantitation using this methodology.
The assay of limiting dilutions of samples using PCW 34-36~ was first proposed to obtain semiquantitative results. This conceptually simple strategy presents several degrees of risk in practice. In fact, because the above-mentioned linear relationships between the initial amount of template DNA and the amplification product are only maintained for amounts of starting DNA (37) lying within a limited range, a dilution method may be very imprecise when samples containing highly variable amounts of target DNA are examined. Furthermore, because many PCR reactions per sample are necessary to quantitate the amount of the target sequence by the Poisson distribution analysis of positive reactions, this approach is expensive, time-consuming, and of limited application when analyzing a large number of samples.
More recently, to control tube-to-tube variability in PCR reactions, an alternative method using coamplification of internal reference templates has been used. In this case, either a single-copy cellular gene ~38'39) or a ubiquitously expressed transcript ~4°~ is coamplified with the target sequence, thus overcoming the problem of tube-to-tube variations. The rationale supporting this technique is that any of the variables influencing the amplification efficiency should affect both templates similarly. In this case, a major problem is that different PCR templates may have highly different thermodynamics and amplification efficiencies, thus influencing the relative amounts of products. Consequently, although the amplification parameters for each primer set may be optimized empirically, the different nature of the template sequences might influence the amount of both products in this coamplification unpredictably. (Thus, in this respect, this method is in partial contrast with the PCR theory.) Additionally, a further limit of this procedure in virological applications is that it cannot be used in the quantitative detection of extracellular template species, such as free viruses in plasma samples.
For these reasons, attempts have been made to develop other PCR-based strategies for nucleic acid quantitation. One of these methods is competitive PCR (cPCR). ~41) In this technique, the reference template (sharing the primer recognition site with the target sequence) is coamplified with the target template to be quantified.
Several lines of evidence have suggested that this approach is presently the most reliable for nucleic acid quantitation using PCR and RT-PCR. Also, several applications have confirmed its high level of precision and flexibility, and different types of competitors and different methods for obtaining a more accurate quantitation of the target sequence have been proposed. Thus, a separate discussion of all these aspects is necessary.
THE COMPETITIVE APPROACH
The general concept of cPCR ~42) is the coamplification in the same tube of two different templates of equal or similar lengths and with the same primer recognition sequences, thus ensuring identical thermodynamics and amplification efficiency for both template species. The amount of one of the templates introduced must be known. After amplification, products of both template species must be clearly distinguishable by gel electrophoresis analysis to allow densitometric evaluation of the relative intensities of the bands for both species.
Because the templates compete for amplification (and, in the case of competitive RT-PCR, also for reverse transcription), any variable affecting amplification has the same effect on both. As a consequence, the ratio of PCR products (which may be calculated using spectrophotometric analysis of gels) reflects the ratio between the initial amount of the two sequences, thus allowing the precise evaluation of the amount of wild-type template. In fact, according to the principle of PCR amplification, product yield follows the well known function Y = Y'.
(1 + e) n and it directly depends on the starting template copy numbers (Y'), amplification efficiency (e), and number of cycles (n). In competitive PCR, this function is written for both templates as follows: competitor DNA = C = O. (1 + e) n wild-type DNA = W= W ~.
(1 + e) n where C is the amount of competitor DNA obtained, C ~ is the initial amount, e is the efficiency of amplification, and n is the number of cycles; similarly, W is the amount of wild-type DNA obtained, and IaA is the initial amount.
Since the e and n are identical for both templates in cPCR, the relative product ratio (C/W) directly depends on their initial concentration as demonstrated by the function: C/W = C'.
(1 + e)WI42. (1 + e) ~ --Ci/W i
Because the last expression is a straight line, it might be concluded that a single dilution of competitor could be sufficient in theory for quantifying unknown template species using this assay. However, because the precise analysis of two template species present in very different amounts may be difficult and imprecise in practice, competitions using three to four competitor dilutions within the expected range of wild-type molecules generally are performed. (43) Different types of competitors have been proposed for cPCR: (1) competitors with a different length from that of the target sequence, (37'41'44'45) (2) competitors bearing a mutation that creates a new restriction site, (46'47) and (3) competitors separated by temperature gradient gel electrophoresis. (48) Although the choice of the best competitor to use may depend on several factors, including laboratory experience, enzyme digestion of amplified sequences should be avoided because an additional step whose efficiency may vary is introduced in the assay. Consequently, it is preferable to use sequences directly separated by gel electrophoresis as competitors. Nevertheless, because great diversity in sequence length may give rise to differences in amplification efficiencies, it must be stressed that when planning competitors internal deletions or insertions have to be reduced to the minimum necessary to obtain discrete bands in amplification products after gel electrophoresis, thus avoiding excessive differences in size.
The steps of mutagenesis and cloning needed to construct competitors can often require much work. Recently, we used PCR to generate an internal deletion of the highly conserved HIV-1 gag sequence amplified using the SK38-SK39 primer set. (4s) The deleted sequence was obtained starting from the wild-type sequence by using a single-step, PCR-based mutagenesis; it was subsequently cloned in the pBS transcription vector. After in vitro RNA synthesis, an internally deleted (18 bases) RNA competitor to be used in the competitive RT-PCR (cRT-PCR) was obtained. Similarly, rapid methods to construct DNA competitors using either PCR and site-directed mutagenesis by overlap extension (37) or amplification of two fragments whose subsequent ligation supplies an internally truncated competitor (43) have been described.
In cPCR and cRT-PCR, the ratio of amplified products reflects the initial concentration of both template species, regardless of the total amounts produced by the amplification reaction. As recently demonstrated, (37) this principle is of basic relevance when the amount of a given sequence has to be estimated from different sample preparations (such as preparations from clinical specimens). As a direct consequence, cPCR and cRT-PCR results do not depend on the number of amplification cycles, and generation of nonspecific amplification products (frequently observed in PCR amplifications using genomic DNAs) does not influence the ratio of specific products.
Amplification products can be visualized and quantified directly after simple ethidium bromide staining. Densitometric evaluation of ethidium bromidestained gels makes the final step easier, faster, and more direct than using Southern hybridization. In fact, gels may be scanned using a densitometer either directly (by positive fluorescent emission on the transilluminator) or after photography (Fig. 1) . The peak areas of both amplified products may be calculated, but, when a deleted competitor or a competitor with a small insertion is used, the corresponding value has to be corrected for the different levels of molar ethidium bromide incorporation. (4s) Finally, the ratio of both values may be plotted against the competitor copy numbers used in the assay (Fig. 1) .
Similar to other qualitative and quantitative molecular assays, the DNA/RNA purification procedure is the only step that is not controlled in the competitive assay. This may be important in diagnostic applications of these methods in which samples from different origins are employed. However, competitive methods allow the mean loss of nucleic acids during the different purification procedures used for cPCR and cRT-PCR to be calculated. By using cRT-PCR, we have evaluated the effect of the procedure used to purify HIV-1 genomic RNA from plasma samples of infected subjects on template recovery: HIV-1 genome copy numbers present in clinical samples were quantified after purification, and quantified again after second reextraction of the samples assayed. (4s) Under these conditions, we estimated a mean RNA loss from the starting material of 36% due to the extraction procedure used. In our opinion, this indicates that all of the quantitative molecular results should be corrected for a mean loss specifically determined for the extraction method used.
Overall, cPCR and cRT-PCR now represent the methods of choice for the absolute quantitation of nucleic acids. Any variable affecting amplification has the same effect on both template species, and direct evaluation of ethidium bromide-stained gels is possible, thus allowing the easy analysis of the reaction products. However, it is important to note that further optimization may be necessary. In particular, the technique still requires several amplification reactions per sample, thus it is expensive and allows the analysis of only a few samples for each amplification run.
APPLICATIONS OF QUANTITATIVE PCR IN VIROLOGY

Different aspects can be investigated ef-
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Cold was calculated as follows: y = 0.182 + 0.00146 x (r 2 = 0.997) and the copy numbers of the wild-type template were calculated from the curve expression for Cc/W= 1 (arrow; 562 molecules).
ficiently using a quantitative molecular approach in basic and applied virology. The two major fields to which cPCR and cRT-PCR can usefully be applied at present appear to be (1) the precise evaluation of the level of specific viral activity during persistent infections, and (2) the more correct and direct analysis of specific antiviral treatments in vivo. Other applications may be of primary importance --the faster and easier molecular screening of putative antiviral compounds in vitro, and, as a complement to other molecular methods, the accurate evaluation in vivo and in vitro of the viral tissue tropism.
Recently, for a better understanding In these studies, the HIV-1 infection has been investigated in vivo by using a cRT-PCR method, and quantitative data on HIV-1 viremia levels, specific viral transcript copy numbers in peripheral blood lymphocytes, and (using a cPCR) proviral molecules in samples from asymptomatic and symptomatic HIV-l-infected patients have been obtained. By using this approach, although sharp individual variability was observed, it has been found that quantitative virological parameters are strongly correlated with disease progression and the fall in CD4 + ÷ T lymphocyte levels. Moreover, a new indirect parameter (the RNA/DNA ratio) indicating the mean proviral transcriptional activity (average n u m b e r of transcript molecules for each HIV-1 provirus) has been evaluated and correlated with clinical conditions. The study of these molecular parameters to follow the course of the natural infection is soon expected either to facilitate pathogenetic research on AIDS or to allow a more correct clinical m a n a g e m e n t of these patients.
Similarly, other persistent viral infections have been studied using different quantitative PCR methodologies. As an example, the study of HCV infection in two experimentally infected chimpanzees by using end-point dilution RT-PCR has indicated that titers of HCV RNA in serum and liver are correlated with signs of liver damage. (s3) Accordingly, the study of HCV-infected patients (untreated and treated with interferon-m) using a cRT-PCR m e t h o d (27) has recently provided further evidence that molecular quantitation also acts as a reliable and sensitive index not only for m o n i t o r i n g the effect of antiviral compounds in vivo, but also for both the more precise analysis of HCV activity and the better understanding of the molecular basis of HCV persistence.
CONCLUSIONS
The qualitative features of most PCR and RT-PCR assays have limited their use to applications where only the presence or the absence of a target sequence has to be determined. From this point of view, quantitative PCR-based procedures ex-tend the potential applications of amplification assays.
We have described recent attempts to develop quantitative PCR-based techniques and have observed that PCR and RT-PCR may now be used not only in the semiquantitative analysis of nucleic acids present in a biological sample at a very low amount, but also in the precise absolute quantitation of given DNA and RNA sequences. Additionally, time-consuming optimization and validation procedures necessary to obtain semiquantitative results using either coamplification methods or external standards (s4) may be avoided by using the more direct and unambiguous competitive approach.
Although, at present, it is impossible to enumerate all of the potential applications of quantitative PCR-based methods, they certainly represent a concrete aid for both a more accurate experimental approach to many biological fields and a less empiric medical management of viral diseases.
